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ABSTRACT
The class of ultra-hot Jupiters comprises giant exoplanets undergoing intense irradi-
ation from their host stars. They have proved to be a particularly interesting popu-
lation for their orbital and atmospheric properties. One such planet, WASP-121 b, is
in a highly misaligned orbit close to its Roche limit, and its atmosphere exhibits a
thermal inversion. These properties make WASP-121 b an interesting target for ad-
ditional atmospheric characterization. In this paper, we present analysis of archival
high-resolution optical spectra obtained during transits of WASP-121 b. Artifacts from
the Rossiter-McLaughlin effect and Center-to-Limb Variation are deemed negligible.
However, we discuss scenarios where these effects warrant more careful treatment by
modeling the WASP-121 system and varying its properties. We report a new detection
of atmospheric absorption from Hα in the planet with a transit depth of 1.87± 0.11%.
We further confirm a previous detection of the Na I doublet, and report a new detection
of Fe I via cross-correlation with a model template. We attribute the Hα absorption
to an extended Hydrogen atmosphere, potentially undergoing escape, and the Fe I to
equilibrium chemistry at the planetary photosphere. These detections help to constrain
the composition and chemical processes in the atmosphere of WASP-121 b.
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1 INTRODUCTION
Ultra hot Jupiters (UHJs) display some of the most ex-
treme physics of all known exoplanets. These massive gas
giants have close-in, often tidally locked orbits with their
host stars, and are subject to extremely strong irradiation.
UHJs offer fascinating case studies in their own right: they
have equilibrium temperatures in excess of 2000 K (Fort-
ney et al. 2008; Parmentier et al. 2018), can contain vapor-
ized metals in their atmospheres (Hoeijmakers et al. 2018;
Casasayas-Barris et al. 2018), and often have orbits com-
pletely misaligned from their host star’s rotation (Triaud
et al. 2010; Anderson et al. 2018). Some orbit close to their
Roche limit, and are on the verge of tidal disruption (Delrez
et al. 2016). Others have extended, escaping atmospheres
(Yan & Henning 2018). These unusual properties test and
inform theories of how hot Jupiters form and evolve, and
improve our understanding of their atmospheric chemistry
and dynamics.
? E-mail: sam.cabot@yale.edu
An outstanding problem is how these planets attain
their close-in orbits. An in-situ scenario is often thought
unlikely since proximity to the host star is not conducive
for gas giant formation, though recent studies have shown
rapid accretion of hot gas may be possible (Batygin et al.
2016). The other scenario is migration, either through the
protoplanetary disk, or via dynamical scattering with other
bodies (Dawson & Johnson 2018). Chemical tracers such as
relative amounts of C and O help constrain whether forma-
tion occurs within or beyond the snow line (O¨berg et al.
2011; Madhusudhan et al. 2014b). Present day orbital obliq-
uities favor dynamical scattering (Triaud et al. 2010), as
does the fact that most semimajor axes are lower bounded
by twice the Roche limit (a/aR ∼ 2) (Ford & Rasio 2006).
However, several hot Jupiters in orbits of a/aR < 2 require
alternative or more complex histories, such as tidal decay
(see Delrez et al. 2016; Dawson & Johnson 2018, for more
detailed discussions). A comprehensive understanding of the
dynamics and chemistry of hot Jupiters is thus imperative
to resolve these issues.
With transit spectroscopy, UHJs are some of the easiest
© 2019 The Authors
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planets to characterize. High temperatures give UHJs rela-
tively high day-side flux contrasts with respect to their host
stars, and their large radii (usually 1-2 RJ) yield strong tran-
sit depths. To date, several UHJs have been studied through
transmission and emission spectroscopy. Some examples in-
clude KELT-9 b (Hoeijmakers et al. 2018), MASCARA-
2 b (Casasayas-Barris et al. 2019), WASP-121 b (Evans
et al. 2017), WASP-33 b (Nugroho et al. 2017), WASP-103
b (Cartier et al. 2017), and WASP-18 b (Sheppard et al.
2017; Arcangeli et al. 2018; Espinoza et al. 2019). A number
of neutral and ionized atomic species have been predicted
in the atmospheres of such UHJs (Kitzmann et al. 2018;
Lothringer et al. 2018). In particular, phase-resolved high-
resolution transmission spectroscopy has proved an excellent
way to probe hot Jupiter atmospheres. The cross-correlation
approach (Snellen et al. 2010) involves comparing observed
spectra with a model template of a species in order to de-
tect forests of weak absorption lines. Molecular, atomic and
ionized species have been detected this way (Snellen et al.
2010; Birkby 2018; Alonso-Floriano et al. 2019; Hoeijmak-
ers et al. 2019). Strong features, such as the Na doublet and
Balmer lines can be directly recovered by co-adding multiple
in-transit spectra (Wyttenbach et al. 2015; Casasayas-Barris
et al. 2019). With sufficient phase-coverage, it is possible to
resolve day-to-night side winds (Louden & Wheatley 2015)
and extended or escaping atmospheres (Ehrenreich et al.
2015).
One planet of particular interest is the ultra hot Jupiter
WASP-121 b (Teq = 2358 ± 52 K), which is in a near-polar
orbit around a bright (V = 10.44) F-type star (Delrez et al.
2016). It’s semi-major axis is only ∼ 1.15 times its Roche
limit, suggesting the planet is on the verge of tidal disrup-
tion. Deformation models suggest the planet may have ra-
dius Rsub ∼ 2Rjup at its sub-stellar point (Delrez et al. 2016).
The bright host star and extended atmosphere makes the
planet a prime target for characterization. Indeed, the planet
has been studied extensively. Evans et al. (2016) detected
H2O in the atmosphere of WASP-121 b using a transmission
spectrum obtained using the Hubble Space Telescope (HST)
WFC3 spectrograph and ground-based observations. Evans
et al. (2017) reported a detection of H2O and a thermal
inversion in the dayside atmosphere using a thermal emis-
sion spectrum obtained with HST WFC3. However, a direct
detection of TiO or VO proved elusive in subsequent tran-
sit and secondary eclipse studies (Evans et al. 2018; Mikal-
Evans et al. 2019). Recent optical phase curves from TESS
along with other data confirm the presence of a thermal in-
version in the dayside atmosphere (Daylan et al. 2019; Bour-
rier et al. 2019). While species such as H-, TiO, and VO
have been suggested as possible inversion-causing absorbers
in the planet (Daylan et al. 2019; Bourrier et al. 2019), a
variety of other absorbers may also be responsible (Mollie`re
et al. 2015; Gandhi & Madhusudhan 2019). Separately, Salz
et al. (2019) suggested excess broadband NUV absorption
might be due to Fe II, a species later detected by Sing et al.
(2019), in addition to Mg II. The ionized gas extends out to
Rp/Rs ∼ 0.3, and might be undergoing atmospheric escape
or be confined due to a magnetic field.
WASP-121 b currently lacks a comprehensive transit
study at high-resolution in the optical regime. Here, we an-
alyze three transits of WASP-121 b observed by HARPS.
While Sindel (2018) detect the Na doublet in transmission
using one order of this dataset, we present additional de-
tections of the Hα line and Fe I by analyzing the full wave-
length coverage. Our paper is organized as follows. In §2 and
§3 we present the dataset, preprocessing steps, and review
methodology of phase-resolved high-resolution transmission
spectroscopy. We present atomic detections in §4, and dis-
cuss their implications for the atmosphere of WASP-121 b
in §5. Additionally in §5, we investigate the impact of the
Rossiter-McLaughlin effect and Center-to-Limb Variation on
the transmission spectra.
2 OBSERVATIONS
Our dataset consists of archival optical spectra of WASP-
121 acquired by the HARPS (High-Accuracy Radial-velocity
Planet Searcher) echelle spectrograph, located at the ESO
La Silla 3.6m telescope. At a resolution of ∼115,000, HARPS
coverage spans 380-690nm over 68 spectral orders. The raw
data were reduced with the HARPS Data Reduction Soft-
ware (DRS) v3.8, which performs blaze correction and Th-
Ar wavelength calibration, and produces one-dimensional
spectra rebinned onto a uniform 0.01A˚ barycentric rest-
frame wavelength grid. Observations were conducted over
the nights of 31 December 2017, 09 January 2018, and 14
January 2018 (hereafter Nights 1, 2, and 3) as part of the Hot
Exoplanet Atmospheres Resolved with Transit Spectroscopy
program (HEARTS) Program 0100.C-0750(C). There are
140 exposures in total, with 49 acquired during the tran-
sit (Table 1).
Absorption due to H2O and O2 in Earth’s atmosphere
produces strong telluric features at wavelengths upwards of
∼500nm. We use the ESO tool molecfit v1.5.7, which fits a
line-by-line radiative transfer model (LBLRTM) of Earth’s
transmission spectrum to observed telluric features (Smette
et al. 2015). Whereas some previous works construct an em-
pirical telluric model (Wyttenbach et al. 2015; Casasayas-
Barris et al. 2018), we opt to use molecfit for the much
lower S/N exposures analyzed here. However, care must
be taken to avoid fitting to stellar absorption lines (Al-
lart et al. 2017; Hoeijmakers et al. 2019; Casasayas-Barris
et al. 2019). For each exposure, on each night, we shift the
DRS wavelength solution to the telescope rest-frame using
the Barycentric Earth Radial Velocity (BERV). We iden-
tify regions suitable for telluric fitting by: 1) obtaining cen-
troids of ∼300 of the strongest known telluric features in
a model telluric spectrum obtained from molecfit (Smette
et al. 2015; Allart et al. 2017); 2) obtaining a Te f f = 6500
K PHOENIX stellar model (Husser et al. 2013); 3) Doppler
shifting the model to the same radial velocity as WASP-121
(the sum of the systemic velocity and BERV); 4) choos-
ing tellurics preselected in step (1) whose locations fall out-
side of features in the stellar model; and 5) selecting small
wavelength ranges centered on these telluric features. We
provide molecfit location and ambient weather parameters
from the HARPS DRS output, and fit parameters similar
to those used by Allart et al. (2017). After fitting, we use
the included calctrans tool to calculate a high-resolution
model telluric spectrum over the full wavelength range. We
finally divide the observed spectrum by the model (Figure
1). There is slight over-correction at 5885 A˚, possibly from
an extra water feature in the line-database; however it is off-
MNRAS 000, 1–16 (2019)
Neutral species in WASP-121b 3
set sufficiently as to not influence the planetary Na absorp-
tion. There is no apparent telluric sodium emission, which
we verified by inspecting simultaneous sky spectra from fiber
B.
3 METHODS
In this section, we discuss our extraction of the planetary
transmission spectrum using the technique of Wyttenbach
et al. (2015). We treat each night separately throughout
the analysis, and propagate the Poisson-uncertainties of the
data. We also discuss our cross-correlation procedure, based
on Snellen et al. (2010), which lends itself to detecting
species with a multitude of weak features.
3.1 Transmission Spectra
During a transit event, an exoplanet blocks part of its host
star along our line of sight and causes the star to appear
dimmer. The change in brightness is approximately the ratio
of the area occulted by the planet to the area of the stellar
disk,
∆20 =
( Rp
R∗
)2
. (1)
This wavelength-integrated quantity is often referred to as
the white-light transit depth. Beyond the gray photospheric
radius, the planet’s atmosphere absorbs additional light at
specific wavelengths, which produces its transmission spec-
trum. The amount of absorption at a given wavelength de-
pends on the abundance and cross-section of the absorbing
species.
Given an atmospheric height H(λ), we denote the
wavelength-dependent transit depth as:
∆2λ =
( Rp + H(λ)
R∗
)2
=
( Rp
R∗
)2
+
(H(λ)
R∗
)2
+
2RpH(λ)
R2∗
' ∆20+
2RpH(λ)
R2∗
(2)
where we assume H(λ) << R∗ (an atmosphere generally
extends 5-10 scale heights, or several thousand kilometers
for a hot-Jupiter) (Madhusudhan et al. 2014a). Using the
ephemeris of Delrez et al. (2016) (Table 2), we identify 13,
18, and 18 in-transit exposures for Nights 1, 2 and 3 re-
spectively. We denote in-transit and out-of-transit spectra
as f (λ, tin), and f (λ, tout). Each night’s time-series covers the
entire ∼2.5 hour transit, plus several hours of baseline expo-
sures before and after the transit.
Several effects can affect the fidelity of the transmission
spectrum. These include: telluric absorption by species in
Earth’s atmosphere; the reflex motion of the host star in-
duced by the planet’s orbit; the Rossiter-Mclaughlin (RM)
effect; Center-to-Limb Variation (CLV); and the planet’s
changing radial velocity throughout the transit. All of these
are resolved at the HARPS spectral resolution (Wyttenbach
et al. 2015; Louden & Wheatley 2015; Allart et al. 2017;
Yan et al. 2017; Casasayas-Barris et al. 2019). We system-
atically address each of these effects. Having corrected for
tellurics with molecfit, we linearly interpolate all spectra
onto a common wavelength grid, and Doppler shift each to
correct for the stellar reflex velocity:
vreflex = −K∗ sin 2piφ (3)
Note, there is no apparent Interstellar Medium (ISM)
Sodium absorption. Otherwise, the reflex velocity correc-
tion could prevent its cancellation when we later divide in-
transit and out-of-transit spectra (Casasayas-Barris et al.
2018). Following a thorough investigation (Section 5.2), we
find CLV and RM induced effects lie at the noise level of the
data, and we neglect their correction. Since WASP-121 b
is in a near-polar orbit (β ∼ 257.8◦), it obscures regions of
similar velocity throughout the transit. As such, the RM dis-
tortion of stellar absorption lines blurs out when stacked in
the planet rest-frame. Also, WASP-121 is a hot, F6V-type
star, and the CLV effect on the transmission spectrum is
expected to be negligible (Yan et al. 2017).
We create a master out-of-transit spectrum by co-
adding individual out-of-transit spectra:
fˆout(λ) =
∑
tout
f (λ, tout) (4)
and compute individual transmission spectra as:
R(λ, tin) = f (λ, tin)
fˆout(λ)
(5)
The continuum level of each spectrum it is affected by
throughput variations from the instrument and weather.
Therefore we normalize each R(λ, tin) by fitting and divid-
ing by a 5th-order polynomial. The planet’s apparent radial
velocity is given by,
vpl = Kp sin 2piφ + γ (6)
where Kp is the semi-amplitude and γ is the systemic veloc-
ity (Table 2). Throughout the transit, vpl changes by ∼ 100
km s−1, corresponding to a Doppler shift of 2 A˚, or 200
pixels. To avoid smearing out the atmospheric signal, we
Doppler shift each R(λ, tin) by -vpl(tin) and stack them in the
rest-frame of the planet:
Rˆ(λ) =
∑
tin
R(λ, tin)|vpl(tin) (7)
Finally, we apply a median filter of width 1501 pixels to
remove remaining broadband variations. It is important to
precisely define Rˆ(λ). Since we have lost continuum infor-
mation, Rˆ(λ) corresponds to the transmission spectrum of
the planet, after removing the white-light transit depth
∆20 = (Rp/R∗)2. Values less than unity correspond to ab-
sorption by the planet’s atmosphere. For further analysis,
we define the quantity:
δ(λ) ≡ −Rˆ(λ) + 1 = ∆2λ − ∆20 '
2RpH(λ)
R2∗
(8)
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Figure 1. Telluric correction with Molecfit. Top panel: Co-added and normalized spectra for Nights 1, 2 and 3 are depicted in color
(red, green and blue respectively). The black curves are the co-added spectra after dividing out the telluric model. The yellow stripe
denotes the zoom-in wavelength range. Bottom panels: same as above, but cropped in a narrow wavelength range around the Sodium
Doublet, for each night. Water vapour is the predominant telluric absorber in this range.
Night 2017-12-31 2018-01-09 2018-01-14
Tstart (UTC) 01:39 00:34 01:18
Tend (UTC) 08:16 08:38 08:43
texp (s) 570-720 500-600 500-660
SNRcont ∼36 ∼25 ∼31
Nin−transit/Ntotal 13/35 18/55 18/50
sec z 1.339 → 1.015 → 1.329 1.501 → 1.015 → 1.626 1.225 → 1.015 → 1.826
φ 0.883 → 0.099 0.907 → 0.170 0.853 → 0.095
Table 1. Exposure information for each night of observation. Rows correspond to 1) observing start time; 2) observing end time; 3) min.
and max. exposure durations; 4) approximate signal-to-noise of wavelength bins along the continuum; 5) number of in-transit exposures
to number of total exposures; 6) airmass evolution throughout the night; 7) WASP-121 b orbital phase coverage (mid-transit at φ = 0
and 1).
Figure 2. Excess transit depth from the atmosphere of WASP-121 b, over the full analysed wavelength range. Particularly notable are
the Sodium D-lines and Hα feature; although a few other features visibly extend from the continuum. We show the unbinned data, and
data binned by 30x and 500x pixels. The HARPS chip gap is masked in our analysis.
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Parameter Symbol Unit Value
Star
V-magnitude mV mag. 10.4
Effective Temperature Te f f K 6460
+140
−140
Proj. Rot. Velocity vsini km s−1 13.56 +0.69−0.68
Stellar Mass M? M 1.353 +0.080−0.079
Stellar Radius R? R 1.458 +0.030−0.030
Stellar Semi-Amplitude K∗ km s−1 181 +6.3−6.4
System
Mid-Transit Time T0 HJDTDB 2456635.70832
+0.00011
−0.00010
Transit Duration τ d 0.1203 +0.0003−0.0003
Period P d 1.2749255 +0.00000020−0.00000025
Semi-major Axis a A.U. 0.02544 +0.00049−0.00050
Limb-darkening Coefficient u1,r ′ - 0.290 +0.014−0.014
Limb-darkening Coefficient u2,r ′ - 0.305 +0.325−0.007
Systemic Velocity γ km s−1 38.350 +0.021−0.021
Planet
Orbital Inclination ip deg. 87.6
+0.6
−0.6
Sky Proj. Obliquity β deg. 257.8 +5.3−5.5
Equilibrium Temperature Teq K 2358
+52
−52
Planetary Mass Mp MJ 1.183
+0.064
−0.062
Planetary Radius∗ Rp RJ 1.865 +0.044−0.044
Planetary Semi-Amplitude∗∗ Kp km s−1 217 +19−19
Table 2. Literature values for stellar, orbital, and planetary pa-
rameters for WASP-121 b and its host star.
All values from Delrez et al. (2016).
∗corrected for asphericity.
∗∗calculated from Mp/M∗ = K∗/Kp .
where δ(λ) is the excess transit depth caused by the atmo-
sphere of the planet. Positive values correspond to atmo-
spheric absorption.
Normalization with a polynomial is common practice
in previous literature (e.g. Seidel et al. 2019; Casasayas-
Barris et al. 2018), and can be applied before division by
the master-out (Allart et al. 2017), after division (Seidel
et al. 2019), or after stacking individual transmission spec-
tra (Casasayas-Barris et al. 2018). Typically it is done with
a 3rd or 4th degree polynomial; we found a 5th degree suitable
for the large wavelength range in our analysis. Finally, we
stack the co-added transmission spectra from each night to
obtain a master transmission spectrum (Figure 2).
3.2 Cross-Correlation
Strong features such as the Na doublet, H Balmer lines, the
Ca II triplet, the Mg I triplet, and He I have been detected
in hot gas giants by directly extracting their transmission
spectra (Wyttenbach et al. 2015; Casasayas-Barris et al.
2018; Nortmann et al. 2018; Cauley et al. 2019). However,
atomic and molecular species can produce a dense forest
of thousands of weak absorption lines (Hoeijmakers et al.
2019; Gandhi et al. 2019). We can search for these species
by cross-correlating with a model transmission spectrum,
which stacks the signal from all of the absorption lines. This
approach has been used successfully in the optical regime
(Nugroho et al. 2017; Hoeijmakers et al. 2018, 2019), as
well as the near-infrared (Snellen et al. 2010; Brogi et al.
2012; Rodler et al. 2013; Lockwood et al. 2014; Birkby et al.
2013; Piskorz et al. 2016; Birkby et al. 2017; Brogi et al.
2018; Hawker et al. 2018). We use the X-COR pipeline, which
was previously used to detect CO, H2O, and HCN in the
dayside atmospheres of hot Jupiters (Hawker et al. 2018;
Cabot et al. 2019). In the near-infrared, strong telluric ab-
sorption warrants aggressive preprocessing, often through
use of Principal-Component-Analysis (PCA) or its uncer-
tainty weighted version (SYSREM) (Tamuz et al. 2005). In
the optical regime, the molecfit model is sufficient for tel-
luric correction. We apply a sliding filter to each spectrum
which flags ≥ 5σ outliers and replaces them with the median
value in the window. We mask the chip gap and 1% of data
from either end of the full spectrum which suffer from low
throughput or strong telluric contamination. Following from
the previous section, all residuals are currently in the plan-
etary rest-frame. Finally, we remove any remaining broad-
band variations by applying a 75-pixel width high-pass filter,
and subtracting the mean of each wavelength bin.
Cross-correlation involves a model template, which is
derived from a theoretical transmission spectrum of one or
multiple species. Model spectra generation is discussed in
the following section. To obtain the template, we subtract
the maximum value in a 0.008A˚-sliding window across the
model spectrum to remove its continuum. The template is
convolved with a narrow Gaussian filter of FWHM = 0.8
km s−1 to match approximately the wavelength sampling of
the HARPS detector (Hoeijmakers et al. 2019), and subse-
quently normalized to unity. We define our cross-correlation-
function (CCF) as a function of velocity and time:
CCF(v, t) =
∑
i mi |vwi xi(t)∑
i mi |vwi
(9)
where mi is our model template Doppler shifted by v, xi(t)
is the observed transmission spectrum over wavelength bins
i, and wi are weights assigned to each bin. Weights are the
time-axis variance of each wavelength bin, which effectively
down-weights noisy pixels that are affected by low through-
put, or lie in the cores of telluric or stellar lines (Brogi et al.
2016). The normalisation term in Equation 9 preserves the
intrinsic strength of the absorption features. That is, the
CCF returns a weighted average of line-depths in the data
(Hoeijmakers et al. 2019). We perform cross-correlation over
a velocity grid spanning −600 ≤ v ≤ 600 km s−1 in steps of
2.0 km s−1.
If the model template contains species native to the host
star, then this procedure reveals the Doppler Shadow from
the Rossiter-McLaughlin effect (Cegla et al. 2016). Indeed,
the Doppler Shadow dominates the CCF, and must be re-
moved for atmospheric analysis. We cross-correlate with a
Te f f = 6500 K PHOENIX stellar template. Then the Doppler
Shadow and other broadband variations are modelled by fit-
ting a 3rd-order polynomial to the in-transit CCF values at
each sampled velocity. Our approach differs from that used
in a previous study of KELT-9 b (Hoeijmakers et al. 2019),
where a time-varying Gaussian profile is iteratively fit to the
shadow and atmospheric signal. We attempted this approach
but could not obtain robust fits. The WASP-121 RM resid-
ual has asymmetric negative wings on its edges, and is not
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well-approximated by a Gaussian. The CCF RM residual is a
reflection of the RM residuals of individual lines, which also
have this shape (see section 5.2). The shape might come from
a combination of the weak Center-to-Limb Variation and
normalization step; in-transit stellar lines should be ‘miss-
ing’ the flux occulted by the planet, but these might cause
the appearance of excess flux in the wings. We attempted
simultaneous fitting of a positive and negative Gaussian pro-
file, but this allowed too many free parameters for the rela-
tively low S/N data (WASP-121 is about three magnitudes
fainter than KELT-9, and we have fewer in-transit expo-
sures per night). Our polynomial-fit approach works well in
our case because the RM effect spans a small velocity range,
whereas the planetary signal is spread over ∼ 100 km s−1.
When cross-correlating with other templates, we scale the
Doppler Shadow model to fit the CCF, and subsequently
subtract it to isolate the atmospheric signal. The full pro-
cess is shown in Figure 3. We excluded Night 2 from cross-
correlation analysis due to its low S/N.
Since the planet’s radial velocity changes throughout
the transit, the absorption signal appears as a moving trail.
The planet velocity is uniquely determined by a certain com-
bination of semi-amplitude and systemic velocity (Equation
6). We sample these two parameters from a grid, and for each
combination, Doppler shift the CCFs by the corresponding
planet velocities, and subsequently co-add them. The cor-
rect combination stacks the planet signal in-phase, boosting
the S/N. Incorrect combinations gives us a noise estimate
from which we compute detection significance.
3.3 Model Spectra
We model high-resolution spectra for WASP-121 b assuming
a H2-He dominated clear atmosphere with gaseous atomic
Fe. The model spectra are generated using an adaptation
of the AURA model for exoplanetary transmission spectra
(e.g., Pinhas et al. 2018). The spectra are computed using
line-by-line radiative transfer in a plane parallel atmosphere
in transmission geometry. The model atmosphere is divided
in 100 layers uniformly distributed in log space between pres-
sures of 102 − 10−6 bar and assumes hydrostatic equilibrium
along with a uniform chemical volume mixing ratio of the
species of interest. The model sets the planetary radius,
uncorrected for asphericity, at a reference pressure of 100
mbar. We adopt an isothermal temperature profile at 2400
K, roughly the equilibrium temperature of the planet assum-
ing full redistribution and zero albedo. The model spectra
are calculated using 3×105 wavelength points in a uniform
wavelength grid from 0.4-0.7 µm, corresponding to a resolu-
tion of R∼4-7×105, higher than the resolving power of the
instrument. The system parameters (e.g. planetary and stel-
lar radii, planetary gravity, and orbital semimajor axis) are
obtained from Delrez et al. (2016) (see Table 2).
Motivated by recent elemental detections in ultra-hot
Jupiters we search for multiple species in the atmosphere of
WASP-121b and empirically detect Fe. Our present model
atmosphere considers absorption due to gaseous atomic Fe
along with the effects of collision-induced-absorption (CIA)
due to H2-H2 and H2-He (Richard et al. 2012) and H2
Rayleigh scattering. The atomic opacity is calculated fol-
lowing the methods of Gandhi & Madhusudhan (2017) with
absorption cross sections computed from NIST (Kramida
et al. 2018). We assume the volume mixing ratio of Fe in
the atmosphere to be 10−7, which is a lower limit on the Fe
abundance feasible in this atmosphere as discussed below.
The volume mixing ratios of H and He are calculated as-
suming a He/H2 ratio of 0.17 and requiring the sum of the
abundances to be unity.
We verify that neutral atomic Fe is the dominant Fe
species using equilibrium chemistry calculations computed
with the HSC Chemistry software (version 8) (e.g. Pasek
et al. 2005; Bond et al. 2010; Elser et al. 2012; Madhusudhan
2012; Moriarty et al. 2014; Harrison et al. 2018). These cal-
culations assume solar elemental abundances (Asplund et al.
2009) and include the same species as Harrison et al. (2018)
plus gaseous, solid, neutral and ionic molecules and atomic
forms of Fe, Ti, V, Cr and Mg. Figure 4 shows the equilib-
rium abundances of several neutral gaseous Fe species be-
tween 1000-3000 K at a pressure of 1 mbar nominally corre-
sponding to the optical photosphere. At the equilibrium tem-
perature of WASP-121 b (∼2400 K), neutral atomic Fe is the
dominant form of Fe and should therefore be the most eas-
ily detected (also see Kitzmann et al. 2018; Lothringer et al.
2018). We note that the terminator temperature probed in
the optical at high resolution, i.e., going as high up in the
atmosphere as 1 mbar - 1 µbar, can be significantly lower
than the equilibrium temperature. As such the Fe abundance
can be significantly lower than the maximum Fe abundance
possible at high T of ∼10−5, as seen in Figure 4.
4 RESULTS
4.1 Transmission Spectrum of WASP-121 b
We detect strong absorption from the atmosphere of WASP-
121 b through multiple features in the transmission spec-
trum. We measure the line contrast, denoted D as the am-
plitude of a Gaussian profile fit to the absorption feature.
We use the Astropy package, which performs a Levenberg-
Marquardt Least-Squares fit. The Hα line is detected with
contrast D = 0.0187± 0.0011, centroid λ0 = 6562.93± 0.02 A˚,
and FWHM = 0.75±0.05 A˚ (Figure 5). We confirm the previ-
ous detection of the Sodium doublet (Sindel 2018). We mea-
sureD = 0.0069±0.0012, λ0 = 5890.01±0.06 A˚, and FWHM =
0.73 ± 0.09 A˚ for the D2 line, and D = 0.0025 ± 0.0009,
λ0 = 5896.09±0.09 A˚, and FWHM = 0.9±0.1 A˚ for the D1 line
(Figure 6). These measurements are comparable with those
reported in (Sindel 2018). The transmission spectra shown
in Figures 5 and 6 are in the rest-frame of the planet. The
best fit centroids of the Na D lines are consistent with zero
velocity offset. The Hα line is offset by +5.82 ± 0.96 km s−1.
We scan the transmission spectrum for signs of additional
features. We find nominally excess absorption at 4340.75 A˚,
4861.44 A˚, and 5169.02 A˚ (Figure 7), which we attribute to
Hγ (4340.47 A˚), Hβ (4861.33 A˚), and Fe II (5169.03 A˚) re-
spectively. However, these features involve fewer data points
and weaker line-contrasts. Hence we refrain from claiming
definitive detections of these transitions.
In order to help rule out that our detections are from
systematic or spurious artifacts, we perform the following
control tests on the transmission spectrum: 1) randomiza-
tion of in-transit and out-of-transit labels for individual ex-
posures; 2) labelling even-numbered exposures as out-of-
transit and odd-numbered exposures as in-transit; and 3)
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Figure 3. Time-series cross-correlation functions (CCFs) of WASP-121 spectra with a PHOENIX model template. Spectra were Doppler
shifted by the known Vsys of WASP-121 prior to cross-correlation. Horizontal white lines mark the start and end of transit. Each row
shows the procedure for a different night of observation. First Column: Time-series CCFs. Second Column: Polynomial fit to each column
of the CCFs, which serves as a model of the Doppler Shadow RM residual. Third Column: CCFs after subtracting the Doppler Shadow
Model. White dashed lines mark the velocity of WASP-121 b before and after transit. A faint white trail in the in-transit frames represents
absorption by the atmosphere of WASP-121 b through features in common with the PHOENIX model.
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Figure 4. Equilibrium chemical abundances of several Fe-based
neutral gaseous species at 1 mbar as a function of temperature.
Abundances are calculated using the HSC Chemistry software
(version 8) assuming solar elemental abundances (Asplund et al.
2009). At the equilibrium temperature of WASP-121 b (∼2400
K), neutral atomic Fe (bold line) is the dominant species.
stacking the individual transmission spectra in the stellar
rest frame. The resultant transmission spectra in the regions
around the Na doublet and Hα are shown in Figure 8. Mix-
ing in-transit and out-of-transit spectra eliminates the sig-
nal completely. The stellar rest-frame is dominated by RM
artifacts, but also preserves some of the planetary signal.
However, the features are weaker and less coherent.
We specify absorption depth as the ratio of two fluxes
(Casasayas-Barris et al. 2017). The first is the mean flux
of the stacked transmission spectrum Rˆ(λ), within a nar-
row passband centered on a feature; the second is the mean
flux along the continuum, sampling points at longer and
shorter wavelengths. We then subtract their ratio from unity.
Passbands centered on the feature have sizes 0.188, 0.375,
0.75, 1.50, 3.0 A˚. For the Na doublet, we select fluxes in the
continuum spanning 5872.89-5884.89 A˚ and 5900.89-5912.89
A˚. For Hα, the continuum ranges are 6480.0-6492.0 A˚ and
6633.0-6645.0 A˚. We additionally compute an Na doublet
average by combining the fluxes sampled in both passbands.
Our results are summarized in Table 4.1. The narrow pass-
bands produce absorption depths comparable to the fitted
line contrasts.
4.2 Lightcurve Analysis
We compute photometric transit lightcurves in a similar
manner as Casasayas-Barris et al. (2019). We shift all trans-
mission spectra R(λ, t) to the planetary rest frame. For each
spectrum, we determine the ratio of integrated line flux to
integrated continuum flux, using the same 0.375, 0.75, 1.50 A˚
passbands and continuum ranges as in the previous section.
There is a small phase interval around mid-transit where
CLV and RM effects overlap with atmospheric absorption,
manifesting as sharp spikes in the transmission lightcurve.
We model CLV and RM contributions by simulating the
transmission lightcurve of a planet without an atmosphere
at the same phases as the data (Section 5.2). We then di-
vide the observed lightcurve by the model, and fit the resid-
uals using the PyTransit package (Parviainen 2015). We
estimate limb-darkening coefficients with the LDTk package
(Parviainen & Aigrain 2015). The square of the fitted planet-
to-star radii ratio is taken as an additional measurement of
absorption depth. Lightcurves are shown in Figures 9 and
10 for Hα and the Na doublet average, respectively. Over-
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Feature D [%] AD0.188A˚
Rˆ
AD0.375A˚
Rˆ
AD0.75A˚
Rˆ
AD1.5A˚
Rˆ
AD3.0A˚
Rˆ
AD0.75A˚LC AD
1.5A˚
LC AD
3.0A˚
LC
Hα 1.87 ± 0.11 1.80 ± 0.17 1.68 ± 0.12 1.38 ± 0.09 0.92 ± 0.06 0.39 ± 0.04 1.29 ± 0.17 0.97 ± 0.11 0.40 ± 0.06
Na D2 0.69 ± 0.12 0.89 ± 0.11 0.64 ± 0.08 0.49 ± 0.06 0.28 ± 0.04 0.10 ± 0.03 - - -
Na D1 0.25 ± 0.09 0.42 ± 0.11 0.26 ± 0.08 0.23 ± 0.06 0.18 ± 0.04 0.06 ± 0.03 - - -
Na Avg. - 0.65 ± 0.08 0.45 ± 0.06 0.36 ± 0.04 0.23 ± 0.03 0.08 ± 0.02 0.46 ± 0.05 0.31 ± 0.04 0.18 ± 0.03
Table 3. Summary of detections of Hα and the Sodium D lines. All values are given in percentages. Column 2: line contrast measured
via fit of Gaussian profile to transmission absorption feature. Columns 3-7: absorption depths of features in the stacked transmission
spectrum, for the labeled passbands. Columns 8-10: absorption depths of transmission lightcurves, measured via fit of a Gaussian profile,
for the labeled passbands.
Figure 5. Excess transit depth from WASP-121 b for the Hα line. Top Panel: combined data from all three nights of observation,
stacked in the rest-frame of the planet. Also shown are the data binned 30x, and the best-fit Gaussian profile to the absorption feature.
Bottom Panel: residuals in the data after subtracting the best-fit profile. The expected centroid of Hα is marked by a vertical blue line.
Figure 6. Same as Figure 5, for the Sodium D lines. The expected centroids of the D1 and D2 features are marked by vertical blue
lines.
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Figure 7. Same as Figure 5, for three potential atmospheric absorption features, Hγ (Left), Hβ (Middle), Fe II (Right). The expected
centroids are marked by vertical blue lines.
Figure 8. Excess transit depth from the atmosphere of WASP-121 b, under different test calculations of the transmission spectrum,
for regions surround the Na doublet (Left) and Hα (Right). Top row: the actual excess depth analysed in this study (no modifications);
Second row: excess depth having randomized the in-transit and out-of-transit samples. Third row: excess depth with the out-of-transit
sample composed of even frames, and the in-transit sample of odd frames. Bottom row: excess depth with the determined transit labels,
but stacked in the rest-frame of the star instead of the planet.
all, the CLV+RM effect does not significantly impact the
absorption depth measurement. The effect also averages out
for the largest passbands. Minor differences between the ob-
served and modelled CLV and RM effects may be attributed
to our LTE assumption (Casasayas-Barris et al. 2018); also,
we did not account for the effective radius of the planet Rλ,
which is left as a free parameter in Casasayas-Barris et al.
(2019). The absorption depths are listed in Table 4.1, and
are consistent with the stacked transmission spectrum ab-
sorption depths.
4.3 Cross-Correlation with Atomic Species
We detect neutral Fe at 5.3σ significance. The cross-
correlation signal peaks at Kp = 205+30−29 and RV = −3+3−1
km s−1, where uncertainties correspond to 1σ contours
around the peak. Detection significance is defined as the
number of standard deviations away from the mean in the
entire sample of Kp-Vsys combinations (bottom panel, Fig-
ure 11). The Kp-Vsys samples from Nights 1 and 3 have been
averaged together. Our quoted significance is a conservative
estimate, since we refrain from sampling Kp < 100 km s−1.
We reduced the noise in this region when we subtracted the
Doppler Shadow model, and its inclusion would decrease the
overall sample variance. We also avoided optimizing weights
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Figure 9. Transmission lightcurves for Hα for 0.375, 0.75, and 1.50 A˚ passbands. The blue dashed line depicts the theoretical contri-
butions from center-to-limb variation and the Rossiter-McLaughlin effect. The red line depicts the best-fit absorption depth model, with
included contributions from CLV and RM. Data from all nights were combined for the analysis.
Figure 10. Same as Figure 9, for the average depths of the Na D1 and Na D2 lines.
and masking during cross-correlation, which could lead to
spurious signals (Cabot et al. 2019). Considering the cross-
correlation function as a weighted average line depth in the
species, we may approximate an equivalent transit depth to
be 0.00082 ± 0.00014. We note this is well below the noise
levels of the stacked transmission spectrum, which demon-
strates the advantage of cross-correlation for species with
many lines.
5 DISCUSSION
5.1 Implications for Atmospheric Structure
Based on line-contrasts, the Hα line probes R ∼ 1.51Rp,
and the Na D2 line probes R ∼ 1.20Rp. Our ∼ 2% Hα ab-
sorption depth suggests an extended Hydrogen atmosphere,
possibly undergoing escape. Yan & Henning (2018) discuss
a similar scenario for KELT-9 b. The Hα line is signifi-
cantly redshifted, by ∼ 6 km s−1. This measurement poten-
tially probes high-velocity winds in the upper atmosphere
of the planet. Winds were also reported in MASCARA-
2 b by Casasayas-Barris et al. (2019), who find a −3.0 to
−4.5 km s−1 blueshifted Hα line. A nominal estimate based
on the average line strength of Fe I, as discussed in §4.3,
corresponds to R ∼ 1.03Rp. These heights represent optical
depths of τ ∼ 0.56 for a chord tracing the atmosphere annu-
lus around the planet (Fortney 2005; Lecavelier Des Etangs
et al. 2008; Howe & Burrows 2012). Fe I probably extends
higher than 1.03Rp, since single transitions may have deeper
transit depths than the weighted-average depth.
The recovered average Fe I line strength is dependent
on both the weighting scheme and model template used
in cross-correlation. Nevertheless, the species hardly ex-
tends out to the radii of Fe II as measured by Sing et al.
(2019), which reaches absorption depths of ∼ 10%. The scat-
ter of their HST STIS NUV transmission spectrum reaches
R ∼ 1.4Rp, which would prevent probing deep into the at-
mosphere. This explains why they only see one strong Fe I
transition, corresponding to R ∼ 1.8Rp, whereas their ion de-
tections reach nearly R ∼ 3Rp. Given the lower resolution at
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Figure 11. High-significance detection of Fe I via cross-
correlation with a model template. Top Panel: Plot of the Fe
I model spectrum, which was baseline-subtracted and normalized
to obtain the cross-correlation template. Middle Panel: Time-
series, residual cross-correlation functions (CCFs), which are ob-
tained by subtracting the co-added out-of-transit CCF from all
CCFs. The scaled Doppler Shadow model has also been sub-
tracted, leaving the planet signal as a faint, light trail. Horizon-
tal white lines mark the start and end of transit. Spectra were
Doppler shifted by the known Vsys of WASP-121 prior to cross-
correlation. The two rows correspond to Nights 1 and 3. Bottom
Panel: Strength of the CCFs, co-added after being Doppler shifted
by the velocity of WASP-121 b. Different assumptions are made
for Kp and Vsys, which in turn sample different possible velocities
of the planet. Dotted white lines mark the location of the peak
signal. The color-map represents both detection significance, as
well as the mean line-strength.
shorter wavelengths, cross-correlation may not be effective
either. We note that Fe I opacity is strongest in the optical,
and Fe II in the NUV. Hence, it follows that Fe is predomi-
nantly neutral at least out to R ∼ 1.03Rp, and possibly out
to ∼ 1.4Rp.
Assuming g = 843 cm s−2 (derived from Table 2),
µ = 2.22 (mean molecular weight of Jupiter), and a nom-
inal temperature of T = Teq = 2358 K, WASP-121 b has a
pressure scale height Hp = 1039 km. Note, WASP-121 b has
a relatively large radius compared to other hot Jupiters, and
is quite diffuse. Absorption out to one scale height produces
an excess absorption depth of ∼ 240 ppm, comparable to
the value quoted by Evans et al. (2018). Our Fe I absorp-
tion extends to ∼ 4Hp, which corresponds to a pressure of
∼ 2 × 10−3 bar assuming a typical P0 = 0.1 bar correspond-
ing to the white light radius (e.g. Welbanks & Madhusud-
han 2019). The retrieved dayside Pressure-Temperature pro-
file of WASP-121 b exhibits a thermal inversion (Evans
et al. 2017), where the temperature rises steeply between
10−2 − 10−4 bar. Despite the suggestions of a thermal inver-
sion in WASP-121b being caused by H-, TiO, and/or VO,
it is possible that Fe absorption may also contribute to the
same. Our calculations of thermochemical equilibrium show
that Fe can remain largely neutral as high up in the atmo-
sphere as 10−6 bar for T ∼1500 - 3000 K, however photoion-
ization is likely to contribute ionisation from Fe I to Fe II
deeper in the atmosphere.
5.2 Center-to-Limb Variation &
Rossiter-McLaughlin Effects
Ideally, dividing in-transit spectra by a co-added master
out-of-transit spectrum isolates the atmospheric absorption.
However, high-resolution spectroscopy resolves other differ-
ences between the out-of-transit spectrum and individual
in-transit spectra. Center-to-Limb Variation describes the
change in specific-intensity as a function of distance from
the center of the star out to its limb (Yan et al. 2017),
parametrized by the dimensionless quantity 1 ≥ µ ≥ 0. Ab-
sorption lines in spectra from the limb of the star probe
cooler gas at optical depth τ = 1. The continuum level also
decreases from limb-darkening (Mandel & Agol 2002). An-
other important effect is from stellar rotation, which Doppler
shifts light emanating further from the rotation axis. An
out-of-transit spectrum averages these effects over the en-
tire stellar disk. However, during a transit, the planet oc-
cults a region of the disk with its own local stellar line pro-
file, affected by CLV and rotation. This distorts the average
stellar spectrum, and produces a residual in the ratio of in-
transit and out-of-transit spectra (the distortion is called
the Rossiter-McLauglin effect, only considering stellar rota-
tion). The residual can create spurious features in the trans-
mission spectrum and photometric lightcurves of individ-
ual lines (Louden & Wheatley 2015; Yan et al. 2015, 2017;
Casasayas-Barris et al. 2018, 2019).
In order to evaluate the influence of CLV and RM ef-
fects in the observed data, we model them simultaneously
in a manner similar to Casasayas-Barris et al. (2019). We
generate a synthetic spectrum of WASP-121 at 21 µ-angles
with Spectroscopy Made Easy (SME) (Valenti & Piskunov
1996), using the VALD3 line-list database (Ryabchikova
et al. 2015) and Kurucz ATLAS9 solar atmosphere models,
and assuming parameters of Te f f = 6460 K, log g = 4.2 and
[Fe/H] = 0.13. We do not investigate non-LTE effects, or de-
pendence of individual features on [Fe/H]. The stellar disk is
simulated on an 80 × 80 pixel grid. Each pixel is allocated a
spectrum, linearly interpolated between computed µ values,
and Doppler shifted by the local rotation speed of the star.
We assume λ = −257.8◦ and v sin i = 13.56 km s−1. We inte-
grate the flux from each pixel over the full disk to obtain an
out-of-transit spectrum. We model the transit according to
the prescription of Cegla et al. (2016), treating the planet as
an opaque disk with no atmosphere. The planet’s projected
position on the stellar disk is given by,
xp =
a
R∗
sin 2piφ (10)
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yp = − aR∗ cos 2piφ cos ip (11)
After rotating by the sky-projected obliquity, the position
becomes,
x⊥ = xp cos λ − yp sin λ (12)
y⊥ = xp sin λ + yp cos λ (13)
and the planet occults a portion of the stellar disk with
radial velocity,
vRM = x⊥v sin i (14)
The CLV is determined by the cosine of the angle (θ) be-
tween the stellar normal and the observer,
µ = cos θ = (1 − (rp/R∗)2)1/2 (15)
where r2p = x
2
p + y
2
p (Mandel & Agol 2002). For each night,
at each phase, we compute in-transit spectra by integrating
over all pixels obscured by the planet, and subtracting the
result from the out-of-transit spectrum. We then divide by
the out-of-transit spectrum, normalize the continuum by a
low-order polynomial, and subtract unity. For computational
reasons, we narrow the wavelength range, around Hα at first.
We stack the transmission spectra in the rest frames of the
planet and star. This model is shown in Figure 12, along
with the corresponding data. We repeat the analysis for the
Na doublet region (Figure 13). The planet rest-frame resid-
ual is at the 0.073% level for Hα and the 0.057% level for
Na lines, which are negligible compared to the measured line
strengths of 1.87% for Hα and 0.25-0.69% for Na. Further,
they are less than the 1σ uncertainties on the line depths,
of 0.11% for Hα and 0.09-0.12% for Na. If we increase the
nominal radius of the planet by 1.5×, then the residuals are
at a 0.16% level for Hα and 0.12%. While these are compa-
rable to the uncertainties, the deepest parts of the residuals
lie ∼1.5A˚ redshifted from the line centroids, which further
increases our confidence that the CLV and RM effects do not
affect our absorption measurements. The stellar rest-frame
residuals are about 3× larger for Hα, and 15× larger for the
Na lines. In the third row of Figure 12, we show the ex-
pected positions of Hα features from planetary absorption
(red-dashed line, corresponding to v = vpl) and the RM effect
(blue-solid line, corresponding to v = vRM). Since the orbit
of WASP-121 b is polar, these two trails are highly non-
parallel. Hence, stacking in the planet frame (red-dashed
line) smears out the already small RM effect (fifth row of
Figure 12). However, stacking in the stellar frame produces
a large artifact, since the RM trail is nearly vertical (fourth
row of Figure 12). Note the stellar rest frame residuals are
similar in shape and amplitude to the observed ones (fourth
row, Figure 8), and the RM artifacts exhibit the negative-
winged shape described in the previous section.
When do RM and CLV effects become significant in
transmission spectroscopy? Yan et al. (2017) thoroughly ex-
plore CLV, finding that low Te f f hosts exhibit stronger CLV
artifacts. They also show the dependence on impact pa-
rameter (b). For the RM effect, one must also consider the
sky projected obliquity (λ). We perform a systematic in-
vestigation of joint contributions of CLV and RM to trans-
mission spectra for various orbits around WASP-121. As
above, we model the planet as an opaque disk without an
atmosphere in the following orbits: 1) the identical orbit as
WASP-121 b, as modeled above; 2) an aligned orbit with
λ = 0.0; 3) an exactly polar orbit of λ = −270.0; 4) an
edge-on orbit with b = 0.0; 5) an inclined orbit expected
to maximize the CLV effect, b = bmax = 0.84 (Yan et al.
2017). Transmission spectra are calculated at 50 equally-
spaced phases −0.06 < φ < 0.06, and subsequently stacked
in seven different rest-frames. These include the stellar rest-
frame and the planet rest-frame under different assumptions
of semi-amplitude (Kp). We additionally define an ”RM-
frame”, which is Doppler shifted by the velocity of the oc-
culted region of the stellar disk (vRM) (Equation 14). We
note that explicit exclusion of ingress and egress spectra did
not change results appreciably. All results are predominantly
from the RM effect. This was tested by running the simula-
tions with v sin i = 0.0 km s−1, which produced much smaller
CLV-only artifacts. We did not explore dependence on the
planet radius. A larger radius should exacerbate the effects
(Di Gloria et al. 2015).
Our results are shown in Figure 14. In nearly all cases,
a growing Kp increasingly smears out the artifacts. Setting
Kp = 10 km s−1 corresponds to a slow, distant orbit, while
Kp = 217 km s−1 is the fast, close-in orbit of WASP-121 b.
The polar and near-polar orbits produce strong residuals
in the stellar rest frame. As expected for an aligned orbit
(second column), the RM effect approximately cancels out
in the stellar rest frame, but is strong in the planet rest
frame (Louden & Wheatley 2015). In this case, it is notable
that the artifacts spike at Kp = 50 km s−1. This is because
the planet and RM velocities are very similar (the trails are
nearly parallel). As such, stacking in the planet frame is
nearly equivalent to perfectly summing the RM artifact in
its own frame (bottom row). This is an important consider-
ation for observations of long-period planets. For a circular
and edge-on orbit, one can estimate Kp ' 2pia/P, ingress
and egress phases as φout ' −φin ' R∗/2pia, with ∆vp =
Kp(sin 2piφout − sin 2piφin), and ∆vRM = vRM(φout) − vRM(φin)
(which equals v sin i(sin 2piφout − sin 2piφin) for an aligned or-
bit). RM artifacts are maximized when ∆vp ∼ ∆vRM.
6 CONCLUSION
The ultra-hot Jupiter WASP-121 b exhibits some of the most
extreme and fascinating properties amongst giant exoplan-
ets, including a particularly close-in orbit and high equi-
librium temperature. It represents a corner case in plane-
tary formation theory based on its orbital properties, and
an important atmospheric case study for its thermal inver-
sion (Evans et al. 2017) and extended atmosphere (Sing
et al. 2019). In this study, we have presented a detailed
analysis of the optical transmission spectrum of WASP-
121 b at high-resolution. We resolve nearly 2% excess at-
mospheric absorption from Hα, and 0.5-1% absorption from
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Figure 12. Comparison between the observed transmission spectra, and theoretical models of the CLV and RM effects, in the Hα
region. Each column represents a different night of observation. Top Row: the stacked and normalised out-of-transit stellar spectrum
(colored line) and the integrated model stellar line profile (black line). Second Row: time-series transmission spectra for each night. The
color range is from -0.05 (black) to 0.05 (white). Planetary atmosphere absorption is particularly visible in data from Nights 1 and 3.
Third Row: modeled time-series transmission spectra, assuming the parameters in Table 2 and no atmosphere. The color range is from
-0.01 (black) to 0.01 (white). The blue solid line denotes the position of Hα, Doppler shifted by the velocity of the occulted stellar
region (RM effect). The red dashed line denotes the position of Hα, Doppler shifted by the expected planet velocity. Fourth Row: the
jointly modeled CLV+RM effects, summed in the stellar rest-frame. Fifth Row: the jointly modeled CLV+RM effects, summed in the
planetary rest-frame. Sixth Row: Transmission spectra summed in the planetary rest-frame. Note the change in y-axis scale. Seventh
Row: Transmission spectra summed in the stellar rest-frame. Vertical dotted lines marked the rest-frame wavelength of Hα.
the Sodium D lines. The Hα detection supports an extended
and possibly escaping atmosphere. We present the addi-
tional high-significance detection of neutral Fe via the cross-
correlation method (Snellen et al. 2010). While it is difficult
to determine the exact extent of the region in the atmo-
sphere containing Fe I, we find it lies approximately within
stratosphere, possibly linking it to the thermal inversion.
We additionally present a detailed analysis of the Rossiter-
McLaughlin effect and Center-to-Limb variation, and how
they impact the observed transmission spectra.
Our characterization of WASP-121 b comes at a time of
systematic investigation of exoplanet atmospheres. Not only
are multiple molecular and atomic detections being made in
individual planets, but it is becoming possible to start com-
paring the chemical abundances of different planets (Mad-
husudhan 2019). The detections of H, Na and Fe presented
here add to a constantly growing list of detections in differ-
ent wavelength regimes and at different spectral resolutions.
Current and forthcoming generations of high-resolution op-
tical spectrographs, including HARPS, HARPS-N, and the
recently commissioned ESPRESSO (Pepe et al. 2013) and
EXPRES (Jurgenson et al. 2016), offer great potential for
such studies, in pursuit of characterizing new planets, and
in search of new and insightful chemistry.
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Figure 13. Same as Figure 12, except for the Sodium D lines.
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Figure 14. Theoretical contributions to transmission spectra from the jointly-modelled Center-to-Limb Variation and Rossiter-
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